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Abstract This paper presents formulation of a Hybrid Frequency-Time Domain (HFTD) method for the
solution of nonlinear ground response problem. Using non-recursive matrix approach, the displacements,
caused by the bedrock acceleration, at the surface of layered soil are calculated while pseudo-forces
due to nonlinear behavior of soil are obtained iteratively using an appropriate transformation scheme.
The analysis process is continued until the pseudo-forces reach negligible values. Two different ground
motions recorded at Gilroy 2 reference site during the Loma Prieta earthquake of 17 October 1989 and
Coyote Lake earthquake of 6 August 1979 are analyzed using proposed method. The results are in good
agreement compared to field observations. Furthermore, the two input motions are analyzed with SHAKE
(Equivalent Linear Method) and NERA (Non-linear Method) programs and it is shown that the proposed
method provides better predictions when compared with the field observations.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Ground response analysis is one of the most important is-
sues in geotechnical earthquake engineering, developed for the
prediction of ground motion and stress/strain changes in soil
layers. Groundmotions developed during earthquakes are non-
stationary, with respect to both amplitude and frequency. The
processes governing the response and instability of soil sites are
nonlinear and affected by the non-stationarity of the ground
motions. The most important factor that influences the earth-
quake response of a structure during an earthquake is a realistic
and accurate measure of the earthquake input to the structure.
As yet, many newmethods have been developed by researchers
to estimate surface motions [1–3]. Ground response analysis
can provide this input motion at the surface for Soil–Structure
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Open access under CC BY-NC-ND license.Interaction (SSI) problems [4–6]. Therefore, proper definition
of the design ground motion time history is very important for
geotechnical and structural engineers.
One-dimensional site response analysis methods are widely
used to computemotions at the ground surface, considering the
effects of soil deposits on input bedrockmotion. Thesemethods
can be divided into two main categories:
(1) Frequency domain analyses (including the equivalent linear
method, e.g. SHAKE [7]).
(2) Time domain analyses (including nonlinear analyses, e.g.
NERA [8]).
Frequency domain methods are the most widely used ones
to estimate site effects, due to their simplicity, flexibility, less
computational effort, and ability to deal with the soil frequency
dependent characteristics. However, frequency domain meth-
ods are not suitable for nonlinear problems, and there are cases
(i.e. high seismic intensities at rock base and/or high strain lev-
els in the soil layers) in which an equivalent soil stiffness and
damping for each layer cannot represent the behavior of the
soil column over the entire duration of a seismic event [9]. In
these cases, a nonlinear time domain solution is used to repre-
sent the variation of the shearmodulus (G) and the damping ra-
tio (ζ ) during shaking [9]. Unlike the frequencydomain analysis,
where the control motion could be specified anywhere within
the soil column, in time domain analysis, it must be specified at
the bottom of the system of lumped masses or finite elements.
Nonlinear analyses have the potential to more accurately sim-
ulate soil behavior. However, their implementation in practice
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eter selection and code usage protocols, as well as their com-
plexity and their time-consuming procedures [10,11].
Because of the drawbacks of the aforementioned methods,
hybrid methods are proposed for the solution of nonlinear dy-
namic structural systems and dynamic soil–structure interac-
tion analyses by Wolf [12]. The solution of dynamic systems in
the frequency domain is easier than in the time domain; how-
ever, they are limited to an equivalent linear approach. The non-
linear effects, on the other hand, are only calculated in the time
domain, although they are very complicated and time consum-
ing. The main concepts can be rationally combined to achieve
an optimum solution procedure. This combinedmethod utilizes
the advantages and computational efficiency of both concepts.
It is capable of dealing with the frequency dependent proper-
ties of soilmaterials and timedependent nonlinear effects at the
same time. The equations of motion are solved in the frequency
domain, and the nonlinear effects are evaluated in the time
domain by means of pseudo-forces. Wolf’s [12] original formu-
lation was developed by the following researchers to fully ac-
commodate certain dynamic problems. Mansur and Carrer [13]
proposed a new HFTD method to analyze nonlinear structural
systems (single- and multi-degree-of-freedom systems) sub-
jected to timedependent excitations. Soares and Mansur [14]
formulated an efficient time/frequency domain approach for
modal analysis of nonlinear models, discretized by the fi-
nite element method. Nacivet et al. [15] proposed a new fre-
quency–time method to calculate the nonlinear steady state
response to periodic excitation of structural systems subject
to dry friction damping. Obrembski et al. [16] and Bernal and
Youssef [17] presented hybrid time–frequency domain algo-
rithms for nonlinear soil–structure interaction. Correa et al. [10]
used the hybrid frequency–time domain method for the solu-
tion of structural dynamic problems (spring-mass systems).
Stiffness matrices for layered soils have been introduced
by Kausel and Roesset [18], which have been extended by
Wolf [19] for foundation vibration analysis. Yang and Yan [20]
analyzed the site response for both horizontal and vertical
earthquake motions, using the dynamic stiffness matrix, and
considered soil nonlinearity, incorporating the equivalent
linear method, which has the intrinsic drawbacks of the
frequencydomainmethods. For instance, the strain timehistory
of soil layers in each iteration showed that strains change values
for each time step, but the shear modulus and damping ratio in
each iteration were considered constant for the whole duration
of the earthquake.
In this paper, a new approach, based on the non-recursive
matrix formulation for earthquake response analysis of soil
layers, is presented that incorporates the HFTD method. For
this purpose, a computer program has been developed in the
MATLAB [21] environment, and the efficiency and applicability
of the procedure is evaluated against SHAKE, NERA and field
observations in terms of horizontal site response. The program
is capable of developing models for geometrical complexities
and material diversities in soil layers and unlike SHAKE and
NERA has no limitations in quantity. It has been shown that the
proposed method gives better results, compared with recorded
data, than SHAKE and NERA programs.
2. Methodology and formulation
For a SDOF system of a mass m, stiffness k and damping c ,
which is subjected to a periodic loading, Q (t) = Nn=0 q∗neiωnt ,Figure 1: One-dimensional soil-bedrock system subjected to SH waves.
where ∗ denotes complex value and N is the number of sample
data, the equation of motion can be expressed as:
mu¨(t)+ cu˙(t)+ ku(t) = Q (t), (1)
and the complex Fourier coefficients, q∗n , can be determined
directly from Q (t) as:
q∗n =
1
Te
 Te
0
Q (t)e−iωntdt, (2)
where Te is the duration of loading. The responsemotion can be
related to the loading by:
un(t) = H(ωn)q∗neiωnt , (3)
whereH(ωn) is called the Transfer Function. Substituting Eq. (3)
into the equation of motion gives:
−mω2nH(ωn)q∗neiωnt + icωnH(ωn)q∗neiωnt
+ kH(ωn)q∗neiωnt = q∗neiωnt . (4)
Simplifying Eq. (4) gives:
H(ωn) = 1−mω2n + icωn + k
, (5)
which also appears in the equation of motion in the frequency
domain:
(−mω2n + icωn + k)un(ωn) = q∗n. (6)
For a soil deposit including some horizontal layers, where the
nth layer overlays the bedrock (Figure 1), each layer is assumed
to be homogeneous, isotropic, and is characterized by the
thickness, h, mass density, ρ, shear modulus, G, and damping
ratio, ζ , the transfer function, H(ω), becomes [22]:
Hij(ω) = |ui|uj = ai(ω)+ bi(ω)aj(ω)+ bj(ω) , (7)
which relates the displacements in layer i to that of layer j.
ai(ω) and bi(ω) in layer i are functions of hi, ρi,Gi and ζi,
whose relations can be found in [22,23]. In order to obtain the
displacements at the surface of the layered soil, a recursive
approach should be applied from layer n (bedrock) to layer
1 (surface) using Eq. (7). This is described in detail in some
references (e.g. [22]), and is not discussed and repeated here. In
summary, the recursive approachhas proved to be cumbersome
in many cases and hence more efficient schemes are needed.
Rather than using the recursive procedure, an alternative
formulation, involving the dynamic stiffness matrix [18,20], is
used here. Referring to Figure 1, if we isolate a specific layer,
m, and preserve equilibrium by application of external loads,
Pm and Pm+1, at the upper and lower interfaces, respectively,
the dynamic force–displacement relationship can then be
established for layerm as:
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Pm(ω)
Pm+1(ω)

= [Km(ω)]

Um(ω)
Um+1(ω)

, (8)
where [Km(ω)] is the dynamic stiffnessmatrix, given by [18,20]:
[Km(ω)] =

Cm Dm
Dm Cm

, (9)
in which:
Cm =

ρmG∗mω
sin(km hm)
cos(km hm), Dm = −

ρmG∗mω
sin(kmhm)
, (10)
where km is known as the wave number and is given by km =
ω
V∗s . Considering the layered soil over the elastic rock, as shown
in Figure 1, and assembling the stiffness matrix of all layers, the
global matrix relationship for the n-layer system is given by:
C1 D1
D1 C1 + C2 D2
. .
. .
Dn−1 Cn−1 + Cn Dn
Dn Cn

×

U1
U2
.
.
Un
Un+1
 =

0
0
.
.
0
0
 . (11)
If the input motion at the base of the soil deposit (within
motion) is given by Un+1, then the displacements in all layers
can be computed from Eq. (11). If the rock outcropping motion
is given, a radiation dashpot with a damping coefficient of
ρrockVS rock should be introduced to radiate the energy from the
soil to the bedrock. Here, ρrock and VS rock are the mass density
and shear wave velocity of the rock. Therefore, the modified
relation for the outcrop case becomes:
C1 D1
D1 C1 + C2 D2
. .
. .
Dn−1 Cn−1 + Cn Dn
Dn Cn + RD

×

U1
U2
.
.
Un
Un+1
 =

0
0
.
.
0
RDUO
 , (12)
where UO is the outcropping motion, and RD = iρrockVS rockω is
the radiation dashpot element [20].
2.1. The HFTD method
Consider the wave equation of motion as:
ρ
∂2u
∂t2
= G∂
2u
∂z2
+ η ∂
3u
∂z2∂t
, (13)
where η relates to ζ as η = 2G
ω
ζ . If the input motion, u¨(t), is
substituted into the left hand side of Eq. (13) to reach the initial
force, P0 = ρu¨(t), using the initial values of G0 and η0, u1(t),
displacements in the 1st iteration can be calculated from the
right hand side of Eq. (13). Using the computed displacements,
a new shear modulus and damping ratio can be calculated fromG−γ and ζ −γ curves. The pseudo-force, which expresses the
nonlinear behavior of soil, can be given as:
1P1 = (G0 − G1) ∂
2u1(t)
∂z2
+ (η0 − η1) ∂
3u1(t)
∂z2∂t
. (14)
And the total force becomes P1 = P0+1P1. Using the computed
P1, one solves Eq. (13) again for u2(t), as:
P1 = G1 ∂
2u2(t)
∂z2
+ η1 ∂
3u2(t)
∂z2∂t
. (15)
This process repeats until the differences between two
successive shearmodulus (Gi−1−Gi) and damping ratio (ζi−1−
ζi) become negligible, i.e. the pseudo-force in iteration i,1Pi,
becomes smaller than a certain prescribed tolerance. In this
paper, soil nonlinearity is accounted for by the same concept,
but in matrix mathematical space.
Considering iteration i, for layer m,Um,i−1(z, ω), displace-
ments at the top of layerm are calculated by the stiffnessmatrix
equation from the previous iteration (i− 1). Taking the inverse
Fourier transformofUm,i−1(z, ω), displacements in the time do-
main can be obtained as follows:
um,i−1(z, t) =
 ∞
−∞
Um,i−1(z, ω)eiωtdω. (16)
Or in the discrete form, as:
um,i−1(z, tk) = 1ω
N
n=1
Um,i−1(z, ωn)eiωntk . (17)
N is the number of sample data and tk = k1t , where1t is the
sampling time. Shear strains for layerm are then calculated as:
γm,i−1(z, t) = um−1,i−1(z, t)− um,i−1(z, t)
1hm
. (18)
Knowing γm,i−1(z, t), new values of G and ζ can be obtained
from the shearmodulus reduction and damping ratio curves for
each time, tk (i.e. Gm,i(z, t) and ζm,i(z, t)). The complex shear
modulus can then be calculated as:
G∗m,i(z, t) = Gm,i(z, t)(1+ 2iζm,i(z, t)). (19)
Calculating G∗i (z, t) for all layers, the pseudo-force matrix for
the ith iteration can be obtained as Eq. (20) as given in Box I.
These incremental pseudo-forces are then added to pseudo-
forces from previous iterations, i.e. the total loading force for
layerm in the ith iteration can be given as:
Pm,i(z, ω) = Pm,0(z, ω)+
i
k=1
1Pm,k(z, ω). (22)
Having the total loading force matrix, the displacements in all
layers for the ith iteration can be given as Eq. (23) as given in
Box II.
The procedure is continued until1Pm(z, ω) becomes negligible.
Displacement time histories in all layers can be obtained by
taking the inverse Fourier transformof the displacementmatrix
in the last iteration. The whole procedure is summarized in a
flowchart shown in Figure 2.
3. Convergence criterion
Since the proposed method takes advantage of matrix
operations for solving the equation of motion, its convergence
criterion is related to matrix mathematics. For convergence
occurrence, the following conditions should be established in
each iteration:
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0)
1)
C1,i(G∗1,i−1 − G∗1,i) D1,i(G∗1,i−1 − G∗1,i)
D1,i(G∗1j−1 − G∗1j) C1,i(G∗1,i−1 − G∗1,i)+ C2,i(G∗2,i−1 − G∗2,i)
. .
. .
.
Cn,i(G∗n,i−1 − G∗n,i)+ RD


U1,i−1(z, ω)
U2,i−1(z, ω)
.
.
.
U(n+1),i−1(z, ω)

=

1P1,i(z, ω)
1P2,i(z, ω)
.
.
.
1P(n+1),i(z, ω)

(2
where:
Cm,i(G∗m,i−1 − G∗m,i) =

ρm(G∗m,i−1 − G∗m,i)ω
sin(kmhm)
cos(kmhm)
Dm,i(G∗m,i−1 − G∗m,i) = −

ρm(G∗m,i−1 − G∗m,i)ω
sin(kmhm)
.
(2
Box I:3)
4)
U1,i(z, ω)
U2,i(z, ω)
.
.
.
U(n+1),i(z, ω)
 =

C1,i(G∗1,i) D1,i(G
∗
1,i)
D1,i(G∗1,i) C1,i(G
∗
1,i)+ C2,i(G∗2,i)
. .
. .
.
Cn,i(G∗n,i)+ RD

−1 
P1,i(z, ω)
P2,i(z, ω)
.
.
.
P(n+1),i(z, ω)
 , (2
where:
Cm,i(G∗m,i) =

ρmG∗m,iω
sin(kmhm)
cos(kmhm)
Dm,i(G∗m,i) = −

ρmG∗m,iω
sin(kmhm)
.
(2
Box II:(i) Avoid singularity in the dynamic stiffness matrix of
Eq. (23), otherwise the determinant is zero and has no
defined inverse.
(ii) The pseudo-forces, which are calculated in an iteration by
Eq. (20), should be smaller than those given from the pre-
vious iterations, and should decrease iteratively until they
vanish. The process continues until differences between
the computed shear modulus values in two successive it-
erations tend to zero, which leads to the vanishing of
arrays of the dynamic stiffness matrix in Eq. (20) and
consequently the vanishing of the pseudo-forces.
It should be noted that pseudo-forces are dependent on
the thickness, density, shear modulus and damping ratio of
the soil, the shear velocity and density of the bedrock and the
frequency content of the input motion. Since these parameters
are different for every analyzed case, the convergence and
stability of the analysis should be checked in each iteration,
according to the aforementioned criterion.
4. Validation of the procedure
A computer program has been developed in the MAT-
LAB environment, based on the formulation presented inEqs. (20)–(22). The control motions, as mentioned by EPRI [24],
were taken from the reference rock site, Gilroy 1, located about
2 km west of the Gilroy 2 soil site. Two different earthquakes
have been analyzed in this research both of which occurred
near Gilroy 1 and 2 sites; the Loma Prieta earthquake of Octo-
ber 17th, 1989, with a magnitude of 6.9 and PGA = 0.473 g
from its EW component, and the Coyote Lake earthquake of Au-
gust 6th, 1979, with a magnitude of 5.7 and PGA = 0.132 g
from its SE component. Figures 3 and 4 show input motions,
respectively. The analysis results have been compared with
field observations from the Gilroy 2 reference site. The Gilroy
2 site is characterized by a deep water table; therefore, pore
pressure build-up and liquefaction are not of major concern,
thus the model is appropriate for this case study. The soil at
Gilroy 2 is about 170 m deep and consists of sands and clays
up to a depth of 40 m. Beyond 40 m is a deposit of gravel
underlain by weathered bedrock at a depth of about 170 m.
The characteristics of the soil profile at Gilroy 2 are given in
Table 1 [24].
An extensive laboratory testing program conducted by
EPRI [24] produced detailed information on the modulus
reduction and damping characteristics of the soils beneath the
Gilroy 2 recording station, which is given in Figure 5.
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Figure 3: EW component of Loma Prieta earthquake.
Figure 4: SE component of Coyote Lake earthquake.
4.1. Analysis of Loma Prieta earthquake
The EW component of the Loma Prieta earthquake is ana-
lyzed, using the program developed here. The input motion is
considered as outcropping motion. Figures 6 and 7 show com-
parison of recorded surface accelerations and displacements,Figure 5: (a) Moduli ratio curve, and (b) damping curve for soil at Gilroy 2 site.
Table 1: Gilroy 2 soil profile.
Layer H (m) VS (m/s) ρ (kN/m3)
1 10.7 198 18.9
2 3.0 305 18.9
3 9.1 475 18.9
4 9.4 305 18.9
5 6.1 347 20.9
6 3.7 375 20.9
7 34.1 640 20.9
8 6.1 640 20.9
9 7.0 472 20.9
10 8.8 527 20.9
11 72.5 701 20.9
Bedrock – 1189 22.6
Figure 6: Predicted and recorded surface acceleration for Loma Prieta
earthquake.
respectively, at Gilroy 2, with those given by the proposed
method. It is observed that the proposed method can pre-
dict acceptable results at the surface, with respect to field
data.
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earthquake.
Figure 8: Comparison of acceleration response spectrum for Loma Prieta
earthquake.
Figure 9: 2D wavelet spectrum of EW component of Loma Prieta earthquake.
Comparison is also made in terms of the acceleration
response spectrum. Figure 8 shows the acceleration response
spectrum for input motion, recorded motion and predicted
motion. As shown, a fairly good agreement is obtained for both
predicted results and recorded data.
Further investigation on the results is carried out, using
the Wavelet analysis. The input motion is analyzed by the
Wavelet Transform Method (WTM), using the modified Little-
wood–Paley wavelet [25]. Figure 9 depicts a 2D representation
of the wavelet spectrum. The peak in the acceleration response
spectrum of the input motion (Figure 8), which occurs at pe-
riod 0.4 s, can be recognized clearly in this wavelet spectrum,
at 1/0.4 s = 2.5 Hz. Inspecting Figures 6 and 8 reveals that the
EW component of the Loma Prieta earthquake is deamplified at
the surface. Figure 8 shows that higher amplitudes of motionFigure 10: Variation ofG/Gmax with time for LomaPrieta earthquake for surface
layer.
Figure 11: Damping ratio changes with time for Loma Prieta earthquake for
surface layer.
concentrate at low frequency ranges (less than 5 Hz). There-
fore, due to the dependency of the shear modulus and damping
ratio to the frequency [26], the initial part of the motion (first
10 s), which has the main effect on ground response, would
have a smaller shear modulus than the corrected one given by
the shear strain level. This excessive decreasing of the shear
moduluswill lead to the deamplification of the inputmotion, as
observed in the EW component of the Loma Prieta earthquake.
Because the frequency dependency of the shear modulus and
damping ratio is not considered in this research, predicted ac-
celeration is slightly bigger than the recorded acceleration de-
picted in Figure 6. Shear modulus variations and the damping
ratio changes with time for the whole process are shown in
Figures 10 and 11. As can be seen, shear modulus values at 3rd
and 4th iterations are close to each other, and the analysis is
converged after 4 iterations.
4.2. Analysis of Coyote Lake earthquake
The analysis is performed on the SE component of the Coyote
Lake earthquake. Figures 12 and 13 show a comparison of
recorded and predicted accelerations, as well as displacements,
respectively, at the surface for the SE component. As in the
case of the Loma Prieta earthquake, the proposed method can
give acceptable results for this input motion. This agreement is
also observed in the acceleration response spectrum, shown in
Figure 14, which shows the spectral variations for inputmotion,
recorded motion and that predicted by the current approach.
Unlike the EW component of the Loma Prieta earthquake,
the 2D wavelet spectrum of the SE component of the Coyote
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Coyote Lake earthquake.
Figure 13: Comparison of predicted and recorded surface displacement for
Coyote Lake earthquake.
Figure 14: Comparison of acceleration response spectrum for Coyote Lake
earthquake.
Lake earthquake (Figure 15) shows that the initial and effective
part of the input motion has medium to high frequencies.
Studies by Kausel and Assimaki [26] show that shear modulus
decreases and damping ratio increases for the low frequency
range. Therefore, the frequency dependency of the shear
modulus and damping ratio does not affect or reduce the values
of the shear modulus in soil layers, leading to an amplification
of input motion, as also seen in Figures 12 and 14.
4.3. Comparison with SHAKE program
The two input motions are analyzed with the SHAKE pro-
gram, and accelerations at the surface layer are computed and
compared with recorded and predicted data. As seen in Fig-
ures 16 and 17, unlike the proposedmethod, SHAKE is unable toFigure 15: 2D wavelet spectrum of SE component of Coyote Lake earthquake.
Figure 16: Comparison of surface acceleration for proposed, recorded and
SHAKE results (Loma Prieta earthquake).
predict precise surface accelerations for both cases. PGA values
seen in Figure 16 are as follows: SHAKE = 4.56 m/s2, HFTD =
3.56 m/s2 and recorded surface acceleration = 3.16 m/s2.
It appears that SHAKE overestimates peak acceleration for the
LomaPrieta earthquake. This is due to the fact that in SHAKE, the
shear modulus and damping ratio are scaled based on effective
strain (γeff), as 0.65γmax. It further implies that for strong earth-
quakes, the amplitude of shear strain is usually high, and the
difference between γeff and γmax becomes inevitably significant.
Figure 5 shows that shear modulus increases with decreasing
shear strain. Therefore, selecting a higher shear modulus leads
to an overestimation of shear strength, which results in larger
shear stress and then acceleration. However, for weak earth-
quakes, SHAKE tends to underestimate maximum acceleration.
As seen in Figure 17, PGA values for the Coyote Lake earthquake
are as follows: SHAKE = 1.51 m/s2, HFTD = 3.10 m/s2 and
recorded surface acceleration = 3.33 m/s2. For weak earth-
quakes, the difference between γeff and γmax is small, and the ef-
fect of shearmodulus scaling is not significant. However, SHAKE
underestimates the amplification ratio, compared with the ob-
served data at higher frequencies. As seen in Figure 15, the
effect of high frequency components is large for small earth-
quakes, and this underestimation of the amplification ratio for
high frequencies leads to the prediction of smaller accelera-
tion. This issue is also fully discussed in [27]. In the proposed
method, the shear modulus and damping ratio in an iteration
are rationally updated for each time step, according to the cal-
culated value of the shear strain at the corresponding time and
hence the method avoids overestimation or underestimation
of input acceleration. As for acceleration response spectrums,
SHAKE results are not satisfactory, and have considerable dif-
ferences with the real response spectrum (Figures 18 and 19). It
is observed that equivalent-linear analysis has produced larger
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SHAKE results (Coyote Lake earthquake).
Figure 18: Comparison of acceleration response spectrum for recorded,
proposed and SHAKE results (Loma Prieta earthquake).
Figure 19: Comparison of acceleration response spectrum for recorded,
proposed and SHAKE results (Coyote Lake earthquake).
spectral accelerations at intermediate periods (about 0.5 s) and
smaller spectral accelerations at shorter periods (about 0.1 s),
which is also verified in other references (e.g. [28,29]).
4.4. Comparison with NERA program
The HFTD results have been compared to those obtained,
using the NERA program which is an available nonlinear site
response analysis program. NERA takes full advantage of the
spreadsheet program, Excel, and implements the Iwan–Mroz
model for material behavior. The model assumes negligible
values of the material damping ratio at small strains [30].
Comparison is made for both Loma Prieta and Coyote LakeFigure 20: Comparison between proposed method and NERA program for
surface acceleration (Loma Prieta earthquake).
Figure 21: Comparison between proposed method and NERA program for
surface acceleration (Coyote Lake earthquake).
earthquake input motions. Figures 20 and 21 show the
calculated acceleration time histories at the surface for Loma
Prieta and Coyote Lake earthquakes, respectively. As shown in
these figures, the results of the HFTD method and NERA are
nearly similar for the Loma Prieta earthquake. However, for the
Coyote Lake earthquake, it seems that NERAunderestimates the
ground response. Nonlinear analyses conducted with NERA for
weak seismic excitations, like the Coyote Lake earthquake, have
shown a tendency to underestimate the response, due to the
negligible values of the damping ratio assumed by the program
at small strains [30]. Because for small earthquakes, damping
characteristics control response, by neglecting small strain
dampings, true soil stiffness is underestimated, which leads
to an underprediction of the acceleration time history at the
ground surface [31]. Figures 22 and 23 compare the acceleration
response spectrum of recorded surface motions with those
obtained, using the HFTD (current approach) method and
the NERA program for the Loma Prieta and Coyote Lake
earthquakes, respectively. It is shown that NERA yields greater
values of PSA for both earthquakes, and this increase is even
enhanced for the Coyote Lake earthquake which is classified
as weak. This issue is also fully discussed in Ref. [30]. Shear
strains calculated in the last iteration from theHFTDmethod for
the Loma Prieta earthquake are compared with those obtained
from the NERA program in Figure 24. Fairly good agreement is
observed in this graph between the two methods.
5. Conclusions
This paper presented a new approach for the nonlin-
ear earthquake ground response analysis of soil layers. A
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with HFTD and NERA results (Loma Prieta earthquake).
Figure 23: Comparison of acceleration response spectrum of recorded data
with HFTD and NERA results (Coyote Lake earthquake).
Figure 24: Comparison of shear strain in last iteration of HFTD method with
those obtained from NERA program for surface layer (Loma Prieta earthquake).
non-recursive matrix formulation was proposed and for-
mulated, incorporating the Hybrid Frequency–Time Domain
(HFTD) approach. In this approach, the equation of motion is
solved in the frequency domain, while the nonlinear effects of
soil behavior are accounted for by the time domain. Such a so-
lution procedure is efficient, since it utilizes the advantages of
both solution methods in frequency and time domains. Val-
ues of shear modulus and damping ratios in each iteration are
computed for every time step, according to the level of shear
strain in that time step. This technique increases the efficiency
and accuracy of the proposed method, and reduces the number
of iterations needed for convergence. A program in the MAT-
LAB environment is developed based on the proposed formu-
lations. Using EPRI technical research, a reference site, with itsmeasured in-situ dynamic soil properties, is chosen, while two
earthquakes, different in PGA and magnitude, which occurred
near the reference site, are chosen for investigation. Using the
analysis concept presented here, displacement and acceleration
time histories at the surface are obtained. As discussed in the
paper, the proposed method can predict acceptable results in
termsof acceleration anddisplacement timehistories, aswell as
the acceleration response spectrum at the surface, comparable
to field observations. Furthermore, the results of the proposed
HFTD method were compared with those obtained by SHAKE
andNERAprograms. For a large earthquake, like the LomaPrieta
earthquake, SHAKE overestimated the peak acceleration, while
for the Coyote Lake earthquake, which is a rather weak exci-
tation, SHAKE underestimated the maximum acceleration. Un-
like the SHAKE program, NERA can predict reasonable results
for the Loma Prieta earthquake. However, since this program
neglects small strain dampings, it underestimated surface ac-
celeration for the Coyote Lake earthquake. As observed in the
results, the proposed method predicted more reasonable and
acceptable results than SHAKE and NERA, which further veri-
fied the efficiency of the presented method.
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